Over the last few years, the emergence of new European draft legislation has focussed electronics industry attention on the likely ultimate proscription of lead in electronics assembly. Much work has already been undertaken to identify possible alternatives to conventional tin-lead solders and to evaluate their performance benefits and limitations in comparison with traditional materials. Although some companies are already offering products manufactured using lead-free products, there is still a widespread lack of activity in many areas. With the formal adoption of new legislation earlier this year by the European Parliament the agenda has now been set and nearly all electronic goods entering the European market will have to be lead-free by July 2006. With this none too distant deadline rapidly approaching, Envirowise has sponsored this paper as part of its co-ordinated activities to assist the UK electronics industry and to promote environmental efficiency and best practice. The paper details the current situation with respect to the drivers towards the adoption of lead-free assembly before giving an overview of the current situation. The main options, issues and changes associated with the move to lead-free are discussed and future prospects are outlined. The paper concludes with details of sources of further information.
Introduction
Lead has been used for thousands of years in a wide range of applications and it continues to be a vital material in many areas. However, the fact that the potential health hazards and toxicity of lead have become more widely understood and appreciated has encouraged alternatives to be employed in many fields such as fuel additives, piping and paints. However, lead is still widely used in the electronics industry, principally as a constituent of solders but also in certain components and in the Printed Circuit Board (PCB) manufacturing process. Conventional eutectic or near eutectic tin-lead solder compositions have been used for virtually all soldering applications in electronic product assembly. However, as with the desire to remove lead from other applications, there has also been a more recent move to proscribe the use of lead in electronics. Soon to be implemented European legislation, in the form of the Waste from Electrical and Electronic Equipment (WEEE) and Restriction of Hazardous Substances (RoHS) directives, has focussed attention on the use of a number of undesirable materials in electronics manufacturing and the result is that, for many applications, the use of lead will be proscribed from July 2006. The implications of this need to move to so called lead-free electronic assembly are immense and not yet widely appreciated, yet there are only three years remaining before it will no longer be possible to use lead in nearly all electronic goods entering the European market. (There is an EU/Global Roadmap document which gives more precise timings for the conversion to lead-free. This can be download from the link on the front page of the website http://www.lead-free.org.)
Current Situation
The WEEE directive was originally conceived as a tool to help address the growing problem of end-of-life electronics and, in particular to reduce the large and increasing volume of products that were consigned to landfill. The WEEE directive's overarching aim is to encourage the recycling and reuse of components and materials found in end-of-life electronics. In one of its early iterations the WEEE directive also sought to proscribe the use of certain materials such as lead, hexavalent chromium and some brominated flame-retardants in electronics. Part of the reason for the desire to ban lead was due to concerns about its fate in products placed in landfill. There was concern that heavy metals such as lead could, under certain conditions, migrate with the possibility that they might cause a local pollution problem or even find their way into the water course, thus presenting a more substantial health related problem. Since its conception some ten years ago the WEEE directive has evolved through several iterations and more recently the part of it which sought to proscribe the use of lead and other materials has been incorporated into a separate piece of legislation; the RoHS directive.
The development of this legislation, particularly over the last five years has raised many concerns with electronics manufacturers, especially with respect to the fact that lead will effectively be banned in electronics from 2006. To date, there has been much work done to identify suitable alternative lead-free solder compositions and to address some of the assembly process and equipment issues associated with the use of these materials. Although this legislation affects only products manufactured in or entering the European market place, it has global ramifications since many manufacturers wishing to sell their goods in Europe will have to adopt a lead-free approach. Consequently, major efforts have been made by, for example, Japanese consumer electronics companies to develop lead-free processes and products. It is true to say that in many areas the Japanese are well ahead of their European and American counterparts in the adoption of lead-free assembly in their products. The Japanese have also been able to demonstrate that there can be sound commercial benefits to be gained from moving to lead-free and consumers have shown a willingness to purchase 'lead-free' products because of their belief that these are ultimately less harmful to the environment.
Current electronic assembly methods rely on the use of tin-lead based solders. These are alloys of the two elements and typically they have tin to lead compositional ratios of 60:40 or 63:37 and melt at or around 183°C. Ternary alloys including silver are also widely used. These solders and temperatures have proved ideal for electronics assembly in that the soldering temperature is sufficient to enable product operation over a relatively wide temperature range without requiring a soldering temperature that is high enough to cause damage to the components and circuit board materials exposed to these temperatures during soldering operations. There are many alternative lead-free solders that have been proposed as potential replacements for conventional lead based solders and they have melting points or ranges from much lower than conventional solders to much higher. Some examples of lead-free solders are shown in Table 1 . Table 1 only highlights a few of the many lead-free solder compositions that could be used. A key issue is that each of the proposed alternative solder compositions has potential advantages and disadvantages. Their suitability can vary from application to application and furthermore individual companies have developed different processing solutions for each type of solder and composition. In an attempt to bring some degree of conformity to lead-free assembly in Europe, various organisations (eg Intellect (formally the PCIF) and Soldertec) have recommended that the industry minimises its choice of solders as much as possible. To this end, recommendations have been made that two specific alloy types are suitable for meeting the requirements of most applications likely to be encountered in general electronics assembly. These recommendations are that a tin-silver-copper alloy be used for both reflow and wave soldering applications whilst a tin-copper alloy can be used for wave soldering.
The tin-silver-copper tenary alloys recommended in Europe have compositions that give a melting range in the region of 217 to 220°C (eg Sn-3.8Ag-0.7Cu, with a melting point of 217°C) whilst providing a combination of good processing and reliability performance. The recommendation of tin-silver-copper as the preferred alloy largely came about because there was considerable experience with the related tin-silver eutectic binary alloy (Sn-3.5Ag) which has a melting point of 221°C. Tinsilver alloy solder joints have been used for many years and in some cases they are able to give improved performance when compared to conventional tin-lead based solders in thermal fatigue testing. It also shows better solderability than the tincopper alloy reported below. The tin-silver-copper tenary alloy was developed relatively recently as a potential improvement on the binary alloy following the discovery that there was a eutectic composition which melted at 217°C. Although there is some debate about the exact composition of the true eutectic the Sn-3.8Ag-0.7Cu alloy has been found to give better solderability and reliability than either tinsilver or tin-copper binary alloys. A surface mount resistor and a quad flat pack device reflow soldered using tin-silver-copper pastes are shown in figure 1a and 1b respectively. The tin-silver-copper alloy can be further improved for wave soldering applications by the addition of small amounts of antimony (0.5% Sb). A section through a wave soldered joint made using such an antimony containing solder is shown in Figure 2 . It has been reported that both the tin-silver-copper alloy and its antimony modified analogues can perform better than tin-lead based solders in some thermal fatigue tests. It should be noted however that there are at least two patents covering specific tin-silver-copper solder formulations and this should be take into account when making a materials choice.
In the Far East, while tin-silver-copper alloys are by far the most popular choice for reflow soldering applications, there is also a greater interest in the use of bismuth and zinc containing alloys. Interestingly, the tin-zinc-bismuth alloy (e.g. Sn-8Zn-3Bi, melting range 189-199°C) finds significant use in Japan, yet it is generally not considered by European and American companies. This reluctance to use bismuthcontaining solders is largely due to potential problems with mixed alloy systems. Although these alloys can be made with melting temperatures close to those of conventional tin-lead eutectic, the use of zinc in the alloy can cause problems because of its reactivity and rapid oxidation.
One company making an early demonstration of its lead free capabilities was Panasonic (Matsushita) who brought a lead-free minidisc player to the market in 1998. (See figure 3 ). This product was assembled using a tin-silver-bismuth (Sn-AgBi) alloy and production volumes were in excess of 40,000 per month. The Japanese have been able to commercially exploit the move to lead-free by highlighting to customers that their lead-free products are environmentally superior. Panasonic labelled the minidisk player with the green leaf symbol for environmentally friendly product and in doing so increased its market share from 4.7 to 15%. There is a clear message here that by adopting a proactive stance to environmental issues it is possible to reap commercial benefits.
For wave soldering applications only, the tin-copper eutectic alloy (Sn-0.7Cu) has a melting point of 227°C and represents one of the cheapest lead-free alloys available. It therefore provides a relatively attractive lead-free alloy when setting up a new leadfree wave solder bath. Good examples of the use of this alloy are given by Nortel who managed to solder assemble their Meridian 8009 telephone assembly at 255°C using a nitrogen atmosphere to achieve acceptable wetting and by Matsushita which has produced over a million PCBs for its video recorders. The 227°C melting point is however rather high and will be a constraint to its widespread use in general PCB assembly.
Issues
Although there are numerous alternative lead-free solder compositions that can be used to replace conventional tin-lead alloys, there are also a large number of issues which need to be addressed if lead-free soldering is to be achieved successfully, reliably and efficiently. One major concern actually centres on the fact that there are so many possible alternative solders available utilising a wide range of elements and alloy formulations. Instead of having just one type of solder in widespread use, there is the possibility that dozens of solders may be encountered in service each with its own benefits, disadvantages and varying process assembly requirements and conditions. This means that assemblers will have to establish specific procedures for each type of solder. In Europe it is hoped that the electronics industry will focus on the use of relatively few alloys such as the two mentioned above but there will still be the issue of servicing electronics manufactured outside the European Union and the need to identify the solder composition used. It will be essential to use the correct solder for rework and repair because there are known incompatibilities between certain solder compositions that can for example compromise reliability.
Another key issue related to the use of lead-free solders is that the recommended alternative solders have melting points higher than their lead based counterparts. The exact increase in temperature required for soldering with lead-free solders can vary significantly and depends on the alloy type used and the type of board being assembled, but it is clear that if solders with melting points/ranges around higher than their lead based analogues are used then processing temperatures will also need to increase by a similar amount. Fortunately, if equipment designs and control systems are upgraded appropriately the actual increase requited can be minimised. For example, the reflow of tin-silver-copper is usually done at about 240°C, only 23 degrees above its melting point. Exposure to higher temperatures can result in issues of compromised stability and reliability for both the boards and components. It is known, for example, that some electrolytic capacitors may need to be hand assembled after reflow. Other components that could be affected include plastic encapsulated devices, light emitting diodes, electromechanical components and connectors. Fortunately, a lot of work has been done on to address this issue and although there are still some problems they are not as bad as some people originally predicted.
Also, as component package dimensions continue to get smaller there is less packaging material viable to both protect the device and to provide mechanical integrity to the package. In the case of some plastic encapsulated devices, the diminishing quantity of encapsulant means that the package is less mechanically robust than its larger predecessors and it can be more susceptible to a particular type of failure mechanism experienced during thermal excursions. The failure, known as popcorning is the result of the rapid vaporisation of trapped moisture when the package is thermally shocked such as during soldering. With the need for higher soldering temperatures there is more stress applied to the package and more likelihood that the package will undergo a catastrophic popcorning type failure.
Certain low-end PCB laminates are also unsuitable for soldering at these higher temperatures. Although the widely used FR4 type laminates are generally not affected, manufacturers still need to be aware that there are a number of thermally induced problems that affect circuit boards and which may be exacerbated by moving to higher soldering temperatures. Firstly, as the laminates are based on a variety of polymer chemistries they can vary significantly in their ability to exhibit warping, delamination, failure of interconnects in the holes of multilayer boards and general thermolysis and degradation. There are three specific effects that are well known to be thermally induced and these are measling, blistering and delamination. All of these can compromise the integrity and performance of an assembled circuit board and are known to occur during thermal excursions. There is a general move towards the use of higher thermal stability laminate materials for many applications and whilst these can offer benefits in terms of ability to withstand higher soldering temperatures they are also more expensive than traditional laminates and can require more aggressive chemical treatments during the hole plating process. For low cost consumer applications where relatively cheap laminates are used, it will probably be necessary to use a solder alloy with a melting temperature or range closer to that of the traditional tin-lead eutectic.
The key point here is that many organic materials are sensitive to the elevated temperatures that could be encountered in lead-free soldering operations. A possible solution is to solder under an inert atmosphere such as nitrogen, although this might lead to increased costs for capital equipment modifications, as well as increased overheads. When soldering under an inert atmosphere it is necessary to keep the level of oxygen above a minimum figure of 20 ppm yet below a maximum figure of 2000 ppm. By careful use of an inert atmosphere it may be possible to achieve a number of benefits or process improvements including a wider process window, reduced oxidation, improved solderability and lower soldering temperatures. Soldering at higher temperatures also leads to higher energy consumption and it is likely that some existing soldering machines will not be able to operate at the required higher temperatures without significant modification or even replacement. Fortunately, however, it is now anticipated that most machines will only require minor adjustments.
Another important issue that needs to be addressed relates to the visual inspection of soldered joints. Solder joints formed with lead-free solders have a very different appearance from those formed with lead based solders. Joints formed in lead-free solders can often have different geometries and appearances that could lead to them being rejected if they were judged by the inspection criteria used for lead based solders. There will thus need to be an education and training process for operators carrying out visual inspection on lead-free solder joints. X-ray inspection is widely used to assess the quality of solder joints and in the absence of lead, this requires greater control and guidelines for inspection may need to be changed in order to accommodate the type of lead-free solder being inspected.
The final finish on the circuit boards being soldered must be compatible with leadfree solders. One of the most common finishes is the so called tin-lead based Hot Air Solder Levelled (HASL) finish. It will not be possible to use tin-lead based finishes when lead is proscribed and alternative finishes will have to be considered. It has been demonstrated that both vertical and horizontal lead-free HASL is possible with no, or only slight, changes to the production process and the performance of the coatings is equivalent to tin-lead HASL. There are many other planar surface coatings already in commercial use which are both lead-free and compatible with lead-free solders. These include the Organic Solderability Preservatives (OSPs) and various metallic finishes such as nickel-gold, tin, silver and palladium. The solderability of these finishes with lead-free solders has been thoroughly investigated and there are few problems, although lead-free solders are known not to wet OSP coated copper as well as tin-lead eutectic solder. (Use of an inert atmosphere may be beneficial). Solderability will also vary with solder type and conditions, so it is important to choose the correct combination of solder, surface finish, flux and soldering conditions to ensure optimum performance.
When moving to lead-free assembly, in addition to lead-free PCB finishes and solders, it will be necessary to ensure that components are also lead-free. Lead-free components have been slow to arrive in the market and the need to ensure there is a wide and adequate supply remains a challenge for the industry as it prepares to become lead-free. Components are traditionally tinned with a tin-lead finish in order to impart good solderability. Components with lead based finishes can be successfully soldered with many lead-free alloys, although a phenomenon known as fillet lifting can occur in some circumstances (see below). Many lead-free component finishes exist today and their wider use will become possible when component manufacturers receive more demand. Examples of lead-free component finishes include pure tin, tin-bismuth, tin-silver, tin-copper, nickel-palladium and silverpalladium. Finishes containing palladium are good from a soldering perspective but suffer from a significant cost penalty. Tin finishes also offer good solderability but there are lingering concerns over the use of tin-plated or pure tin component finishes because of the possibility of whisker growth. Under certain conditions tiny dendrites known as whiskers form in the tin deposits and these can flake off, leading to concerns over the reliability of the solder joint and the possibility of shorting.
Although in general lead-free solders can offer reliability performance equal to or better than conventional lead based solders there is a specific issue that has been observed when using these materials. This is a phenomenon known as fillet lifting, and it occurs under a number of conditions but particularly when lead contamination is present. Fillet lifting is a separation phenomenon whereby the solder fillet around a component lead lifts away for the solder pad on the substrate. The separation occurs at the solder to intermetallic interface and is most often seen with wave soldered components. A section through a solder joint exhibiting fillet lifting is shown in figure 4 . Fillet lifting has now been seen and studied sufficiently for it to be considered a generic issue with all new solders used with plated through hole i.e. leaded components. Even when it is not observed directly, the presence of lead in a joint can cause related microstructural changes that reduce the strength of the joint with time. Fortunately, fillet lifting is normally regarded as only being a cosmetic issue for inspection etc since actual joint reliability is often unaffected.
There have been many questions about whether it is necessary to use more aggressive fluxes when switching to a lead-free soldering process. Although there is no absolute answer it has been found that for the lower melting point lead-free alloys, it is quite likely that existing fluxes developed for tin-lead based solders will be acceptable. However, as the performance of a specific flux will be dependent upon the thermal stability of the flux chemistry being used, it is more likely that a change of flux will be required as the melting point of the alloy chosen increases. In general, it is not unreasonable to say that many lead-free alloys have been found to be compatible with most flux chemistries. However, it is worth noting that the flux may require more precise choice than has been in the past as significant performance variability exists between suppliers.
From an environmental perspective, it will be important to consider the wider implications of moving to lead-free. There are legitimate concerns about the possibility of selecting an alloy that could contain an element that could itself be proscribed at some later date. For example, some of the elements used in lead based solders may be more toxic and harmful than the lead they replace. Similarly, the use of bismuth as a replacement for lead in solders has raised concerns because bismuth is often obtained during then mining of lead! As the use of lead-free solder in electronic products becomes more widespread it will be important to consider the fate of lead-free materials in end-of-life electronics. Specifically there will need to be new methodologies and processes developed to enable the recycling of the metals from lead-free solders. Silver can be recovered economically but concerns have been expressed over the costs of recovering alloy elements such as bismuth from copper containing scrap.
Future Perspectives
The introduction of new environmentally related legislation has undoubtedly brought about the demise of lead in most electronics applications. This legislation is also likely to have wider ramifications as other materials used in electronics assembly have come under consideration. In addition to the ban on the use of lead the WEEE and RoHS directives have also focussed attention on the impact that brominated flame retardants have on the environment. PCBs are typically heavily flame retarded through the use of resins based on tetrabromobisphenol A and although these materials are not yet included in legislation it is possible that they may come under further scrutiny in the future. Already, the threat of legislation has prompted a good deal of activity to develop halogen free laminates to replace flame-retarded materials such as the ubiquitous FR4 type materials. It may not be too many years ahead when electronics are not only lead-free but bromine free as well.
There is no doubt that the electronic goods manufactured or used within the European Union will soon have to be assembled using lead-free solder. At the very latest, manufacturers will have to switch to lead-free assembly by the middle of 2006. Although the principal legislation driving the move to lead-free soldering has originated in Europe, there has already been much work carried out by major Japanese companies to enable them to convert their production to lead-free. Some Japanese manufacturers have already changed to lead-free assembly on many of their products and others have announced plans to convert well in advance of the European legislative deadline. European and North American manufacturers still have some way to go and it is important, in view of the many issues which must be addressed during such a conversion, that manufacturers do not wait too long to begin this work. 2) Envirowise: Additional information and advice on lead-free electronics and many other environmental best practice and waste minimisation issues is available from Envirowise.
Useful Reading Material
Envirowise is a Government-funded programme offering free, independent advice on practical ways to minimise waste and increase profit. It helps companies in the UK become more competitive, whilst improving their environmental performance, by reducing waste at source or implementing cleaner technology. 
